Moringa oleifera leaf (MOL) is an excellent source of high-quality plant protein. MOL hydrolysate (MOLH) was prepared by enzymatic hydrolysis and ethanol precipitation. The adsorption kinetics of SP-207 resin for antioxidant peptides from MOLH were studied. The adsorption process for antioxidant peptides on SP-207 was well described by the pseudo-second-order kinetics model. The adsorption was a multi-molecule layer adsorption process, which was exothermic. The peptide fraction with antioxidant activity (MOLP, 40% ethanol elution fraction) possessing high contents of antioxidant and hydrophobic amino acids was obtained by SP-207 column chromatography. A total of eight dipeptides including PR,
Introduction
Moringa oleifera grown in tropical and subtropical countries is well known for its health benefits . Nowadays, the intake of Moringa oleifera leaf (MOL) is usually found in fresh, cooked or dry powder form. The information on its use in commercial products is limited. MOL rich in protein (ranging from 22.2% to 31.4%) possessing high percentages of essential amino acids is an excellent source of highquality plant protein (S anchez-Machado et al., 2010; Nouman et al., 2016) . However, the anti-nutritional factors in MOL may hinder efficient utilisation, absorption and digestion of protein and decrease protein bioavailability and nutritional status (Devisetti et al., 2016) . The extraction of MOL protein for subsequent use as a food ingredient has been suggested to increase consumer acceptability (Saucedo-Pompa et al., 2018) .
The bioactive peptides that are inert inside the original protein and become active once cleaved possess functional and nutritional properties including antihypertensive, antioxidant, anticancer, antidiabetic, immunomodulatory and mineral binding properties (Rizzello et al., 2016; Cicero et al., 2017) . Interest has recently increased in the use of peptides for treatment of oxidative damage (Rahman et al., 2018) . Numerous studies have focused on antioxidant peptides from milk, cheese, meat and fish (Lee & Hur, 2017) . Recently, the hydrolysate and peptide fraction of moringa seed protein were found to be antioxidants, angiotensin-I converting enzyme (ACE) inhibitors and a-amylase inhibitors (Gonzalez Garza et al., 2017) . However, there was little information on antioxidant peptides obtained by enzymatic hydrolysis of MOL. In addition, the complexity of MOL matrice remains as one of the biggest challenges in preparation of antioxidant peptides with high purity. Macroporous resin has great potential for large-scale production of peptides due to high efficiency (Zhuang et al., 2016) . However, there was little information on the adsorption performances of MOL peptides on macroporous resin.
Peptide fraction with antioxidant activity (MOLP) was prepared by enzymatic hydrolysis and ethanol precipitation and then purified by SP-207 column chromatography. It was the first time that the adsorption behaviours, kinetics and thermodynamics for static adsorption of MOL peptides on SP-207 resin had been systematically investigated. Gastrointestinal digestion model was used to determine the protective effect of MOLP against oxidatively damaged erythrocytes.
Materials and methods

Materials and chemicals
Dry MOL was provided by Guangdong Huagu Moringa oleifera Co., Ltd in August 2016. SP-207 (macroporous resin) was purchased from H&E Co., Ltd., Beijing, China. NS 37071 (alcalase) was provided by Novozymes Biotechnology Co., Ltd. (Tianjin, China). The dipeptides (LH, LK and LP) with >95% purity were purchased from GL Biochem Ltd. (Shanghai, China). The kits for determination of haemoglobin (Hb) content and malondialdehyde (MDA) equivalent level were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Methanol (VWR International, Leuven, Belgium) and formic acid (Sigma, St. Louis, MO, USA) for UPLC analysis were of LC-MS ultra-quality.
Preparation of MOL hydrolysate (MOLH)
MOL powder (1 kg) was mixed with 10 L of distilled water. The resultant mixture was adjusted to pH 8.0 and treated with NS 37071 (enzyme/substrate 1:50 w/ w) at 55°C for 8 h before being heated at 95°C for 20 min. The mixture was cooled and centrifuged at 8000 g for 20 min at 4°C. The supernatant was collected, concentrated, extracted with ethyl acetate (1:1, v:v) in triplicate to remove phenolics, precipitated with ethanol (4:1, v:v) and kept overnight at 4°C. The precipitated fraction was recovered by centrifugation, dissolved in distilled water, concentrated and freeze-dried to obtain MOLH. The total content of protein was calculated by multiplying the total nitrogen by 6.25. The protein content was calculated by multiplying the total nitrogen by 6.25 following the method of AOAC (1984) . Total amino acid composition was conducted by our published method (Zhuang et al., 2016) .
Static adsorption and desorption experiments
Adsorption kinetics of MOL peptides on SP-207 SP-207 was pretreated by our published method (Lin et al., 2012) . The hydrated resin (equal to 5.0 g dry resin) was mixed with 100 mL of MOLH solution (10 mg/mL) and shaken at 30°C at 150 r.p.m. for 180 min. Then, 1 mL of supernatant was withdrawn at the timepoints. Peptide concentration was determined by the biuret method.
Static desorption of MOL peptides on SP-207
The supernatant was removed after adsorption equilibrium of MOL peptides on resin was attained. The resin was washed by distilled water and then mixed with 70% (v/v) ethanol solution at 30°C for 240 min. The supernatant was collected for determination of peptide concentration.
Adsorption thermodynamics of MOL peptides on SP-207 MOLH solutions (10 mL) at different peptide concentrations were mixed with hydrated resin (equal to 0.5 g dry resin) and shaken at 150 r.p.m. for 180 min at 30, 40 and 50°C, respectively. The supernatant was collected for determination of peptide concentration.
Enrichment of MOL peptides by resin column
Five millilitres of MOLH solution (400 mg/mL) was carefully poured into a glass column (2.5 cm 9 120 cm) wet packed with SP-207. The adsorption process was conducted at 4°C overnight. The column was successively eluted with 3 BV of a gradient of ethanol in water (from 0% to 60% ethanol) at 2 mL/min at 25°C. Each elution fraction was evaporated under reduced pressure and freeze-dried.
In vitro radical scavenging activity assay DPPH• scavenging activity (expressed as DPPH value) and oxygen radical absorbance capacity (expressed as ORAC value) were determined by our published methods (Lin et al., 2012; Zhao et al., 2014) .
In vitro gastrointestinal digestion
In vitro gastrointestinal digestion (pepsin-pancreatin hydrolysis) was carried out according to Ketnawa et al. (2018) with slight modifications. MOLP solution (10 mg/mL) was adjusted to pH 2.0 with 1 M HCl and treated with pepsin (enzyme/substrate 1:50 w/w) at 37°C for 2 h before being adjusted to pH 5.3 with 0.9 M NaHCO 3 and further increased to pH 7.5 using 1 M NaOH. Subsequently, pancreatin (enzyme/substrate 1:50 w/w) was added, followed by continuous shaking at 37°C for 2 h. The mixture was submerged in boiling water for 10 min, centrifuged and freezedried to obtain MOLP digest.
Identification of peptides by UPLC-QTOF-MS/MS
UPLC was conducted using a Waters Acquity UPLC I Class (Waters, Hertfordshire, UK) equipped with an Impact II ESI-QTOF-MS (Bruker Daltronics, Bremen, Germany) using positive ion mode in the mass range of 50-800 Da with the following mass spectrometer settings: capillary = 3500 V; nebuliser gas = 0.5 bar; drying gas = 4 L/min; drying temperature = 200°C. The acquisition of fragment spectra for each mass was carried out using MS/MS mode with collision energy set to 10 eV. The analyte was separated on a Waters Acquity CORTECS C18 column (2.1 mm 9 100 mm, 1.6 lm) at 35°C with a flow rate of 200 lL/min. The solvent system consisted of (A) 0.1% (v/v) formic acid and (B) methanol. The gradient conditions were as follows: 70%-40% A in 0-6 min; 40%-20% A in 7-8 min; 20%-70% A in 8-10 min. The injection volume was set to 1 lL. Spectra processing was carried out using Data Analysis (version 4.3, Bruker Daltonics). Peptide sequence identification was carried out by Annotate tool of Data Analysis software.
Protective effect on oxidatively damaged erythrocytes
The erythrocytes haemolysis assay was conducted by our published method (Zou et al., 2017) . The fresh blood was obtained from 16 normal volunteers via venipuncture and centrifuged at 1500 g for 10 min to obtain erythrocytes. Erythrocytes were washed four times with phosphate-buffered saline (PBS, available from Gibco TM ) and resuspended using PBS. Subsequently, 2% erythrocyte suspension (200 lL) was preincubated with sample or PBS (10 lL) at 37°C for 30 min and then treated with 200 mM AAPH or PBS (200 lL) at 37°C for 1 h. Then, 50 lL of the reaction mixture was diluted with 250 lL of PBS or distilled water and centrifuged at 2500 g for 10 min. The absorbance at 412 nm of the supernatant was measured. The haemolysis ratio was calculated as follows:
Haemolysis ratio (%) = (Absorbance of reaction mixture diluted with PBS/Absorbance of reaction mixture diluted with distilled water) * 100% Hb content and MDA equivalent level were measured using commercial kits according to the manufacturer's instructions.
Statistical analysis
All the tests were carried out in triplicate. The results were expressed as means AE standard deviation. Statistic analysis of differences between variables was performed by one-way ANOVA with SPSS 21 (SPSS Inc., Chicago, IL, USA). The mean values were considered significantly different when P < 0.05.
Results and discussion
Preparation of MOLH
The enzymatic hydrolysis of vegetable matrice is commonly used for production of hydrolysate and peptide, which improves digestibility and biological activity of plant protein (Rizzello et al., 2016) . As seen in Table 1 , MOLH possessed moderate protein content, weak DPPH• scavenging activity and moderate oxygen radical absorbance capacity. Based on the amino acid composition of moringa leaf protein (S anchez-Machado et al., 2010), enzymatic hydrolysis of MOL may generate a complex mixture of active and inactive peptides with different amino acid composition. Therefore, enrichment of antioxidant peptides is needed to make MOLH an effective functional ingredient with strong antioxidant activity.
Enrichment of MOL peptides by SP-207 column chromatography
Macroporous adsorption resin was used to efficiently purify ACE inhibitory peptides from rice and grass carp protein hydrolysates (Chen et al., , 2013 . In the present study, SP-207 was used to purify and enrich the antioxidant peptides from MOLH.
Static adsorption and desorption capacities of MOL peptides on SP-207
The adsorption capacity, adsorption ratio and desorption ratio of MOL peptides on SP-207 were (Zhuang et al., 2016) . These results indicated that SP-207 was suitable resin for adsorption and desorption of MOL peptides owing to proper polarity, specific surface area and pore diameter.
Adsorption kinetics of MOL peptides on SP-207
As shown in Fig. 1a , MOL peptides were rapidly captured in the initial 60 min; thereafter, a slowdown in adsorption rate was observed. Pseudo-first-order, pseudo-second-order and particle diffusion kinetics models were applied to evaluate the adsorption processes. As seen in Table 2 , R 2 value of pseudo-second-order kinetics model was approaching to unity. Additionally, the theoretical adsorption capacity was coincident with the experimental adsorption capacity. These results indicated that pseudo-second-order kinetics model was favourable for evaluating the adsorption capacity of SP-207 for MOL peptides. The diffusion curve (q t versus t 1/2 ) is shown in Fig. 1b . The whole process could be divided into three stages as follows:
(1) the first stage (0-5 min, not shown) belonged to boundary layer diffusion; (2) the second stage (5-60 min) was the gradual adsorption stage; (3) the third stage (60-120 min) belonged to the final equilibrium stage. The plots presented multi-linearity and did not pass through the origin, indicating that both intraparticle diffusion and boundary layer diffusion influenced the rate-determining step of adsorption process. The adsorption process for MOL peptides on SP-207 was similar to those for black garlic antioxidants, adlay bran phenolics and Rabdosia serra leaf phenolics on macroporous resins including XAD-16, SP-207, SP-825 and HP-20 (Lin et al., 2012; Yang et al., 2016; Zou et al., 2017) .
Adsorption isotherm and thermodynamic of MOL peptides on SP-207
As shown in Fig. 1c , the adsorption capacities for MOL peptides on SP-207 increased with increasing equilibrium concentration. However, peptides adsorption significantly decreased with increasing temperature, suggesting that low temperature was beneficial to the adsorption process. Langmuir equation is usually used to describe the adsorption behaviour of monomolecule layer and Freundlich equation is usually suitable for the adsorption behaviour of multi-molecule layer (Yang et al., 2016) . Langmuir and Freundlich models were used to fit the experimental data of MOL peptides equilibrium adsorption on SP-207. The thermodynamic parameters of MOL peptides on SP-207 are shown in Table 3 . As seen, Freundlich model possessed higher correlation coefficients at different temperatures than Langmuir model, demonstrating that Freundlich model was a good model for reflecting the adsorption equilibrium of MOL peptides adsorption equilibrium. For Freundlich model, the adsorption takes place easily when 1/n value is between 0.1 and 0.5 (Du et al., 2012) , indicating that the adsorption process was favourable adsorption. The Freundlich constant (K F ) relating to adsorption capacity for MOL peptides loading on SP-207 decreased with the increase in temperature. Moreover, the value of MH was À3.72 kJ/mol. These results implied that the adsorption process was an exothermic process. The absolute value of MH was less than 43 kJ/mol, indicating that the adsorption process was controlled by physical mechanisms (Zou et al., 2017) .
Enrichment of MOL peptides by resin column
Laboratory preparative-scale enrichment of Moringa oleifera leaf peptides was carried out. As shown in Table 1 , the protein contents decreased in the order of 20% ethanol elution fraction = 40% ethanol elution fraction >60% ethanol elution fraction >water elution fraction. About 40% and 60% ethanol elution fractions exhibited the strongest DPPH• scavenging activities and oxygen radical absorbance capacities. These results indicated that the antioxidant peptides were mostly enriched in 40% ethanol elution fraction (MOLP). The ORAC and DPPH values of MOLP were 2.13 and 98.5 times higher than those of MOLH, respectively. The ethanol concentration of eluent is the most important factor in the successive desorption of adsorbate from macroporous resin (Kim et al., 2014) . Zou et al. (2017) and Kim et al. (2014) also reported that 40% ethanol was optimal to desorb black garlic antioxidants and phlorotannins from macroporous resin.
Amino acid composition of MOLP
The antioxidant activity of peptides is related to their amino acid composition, structure and hydrophobicity (Wu et al., 2015) . The radical scavenging activities of peptides might be mainly due to the presence of amino acids with hydrogen and/or electron donating abilities. Tyrosine, tryptophan, cysteine, methionine and histidine considered as antioxidant amino acids largely contributed to the antioxidant activities of peptides (Zheng et al., 2016a) . In addition, hydrophobic amino acid residues facilitated access to scavenge free radicals generated at the lipid phase (Samaranayaka & LiChan, 2011) . The amino acid composition of MOL peptides is important because of the influence on the functional properties. As seen in Table 4 , acidic and hydrophobic amino acids were found to be high in MOLH among all the amino acids. MOLP exhibited the significant increases in antioxidant and hydrophobic amino acid contents compared with MOLH. The increasing amounts of antioxidant and hydrophobic amino acids may greatly contribute to the strong antioxidant activity of MOLP. MOLP possessing high contents of antioxidant and hydrophobic amino acids could serve as an efficient antioxidant to be used in functional foods.
Peptides of MOLP digest identified by UPLC-QTOF-MS/ MS
In vitro simulated gastrointestinal digestion model is a well-accepted approach to obtain preliminary observations in determining bioavailability of peptides prior to conducting in vivo studies (Ketnawa et al., 2018) . In the present study, gastrointestinal digestion model was used to determine bioavailability of MOLP. Pepsin 
a q t is the adsorption capacity of SP-207 at time t. q e is the equilibrium adsorption capacity. C e stands for the equilibrium concentration of peptide in adsorption solution. k 1 , k 2 and k d refer to the rate constants of pseudo-first-order, pseudo-second-order and particle diffusion kinetics models of adsorption process, respectively. C stands for the constant in the particle diffusion kinetics model. and pancreatin (consisting of trypsin, elastase, chymotrypsin and carboxypeptidases) (Ketnawa et al., 2018) may increase the efficiency in cleavage of the polypeptides of MOLP. MOLP digest was subjected to separation by UPLC followed by ESI-MS and MS/MS to identify the peptide sequences. A total of eight dipeptides including PR, L(I)K, L(I)H, L(I)P, L(I)L(I), GE, VL(I) and PF were identified. A search of BIO-PEP database (Minkiewicz et al., 2008) revealed that LK has been previously identified as a potent antioxidant. LH, IH, LP, IP, LL, LI, II, IL, GE, VL, VI and PF have been previously identified as dipeptidyl peptidase IV inhibitors. PR has been previously identified as an ACE inhibitor. These results indicated that MOLP was a rich source of bioactive peptides.
Protective effect of MOLP digest on oxidatively damaged erythrocytes
The erythrocytes are particularly susceptible to oxidative damage due to high concentration of polyunsaturated fatty acid and redox active haemoglobin molecule . The AAPHinduced haemolysis visually reveals the oxidative damage to erythrocytes (Zou et al., 2017) . The peptides with low molecular weights consisting of Ala, Val and Leu at the N-terminal end and aromatic/hydrophobic amino acids in sequence may be potent antioxidants (Sila & Bougatef, 2016; Zheng et al., 2016b) . Three dipeptides including LH, LK and LP derived from MOLP digest and GSH (a well-known antioxidant) were selected to evaluate their anti-haemolysis activities. As seen in Fig. 2a , the haemolysis ratio of AAPH-damaged erythrocyte (48.85%) was superior to that of normal erythrocyte (5.28%). The pretreatment with MOLP digest, LH, LK, LP and GSH significantly decreased the haemolysis ratio in dose-dependent manners in protecting erythrocytes from AAPH-induced haemolysis. The anti-haemolysis activities were in the decreased order of MOLP digest > LH = GSH > LP > LK. The synergistic effect of the oligopeptides contributed to the strong anti-haemolysis activity of MOLP digest. The pretreatment of AAPH-damaged erythrocytes with MOLP digest, LH and GSH at 25 or 50 mg/mL significantly decreased the haemolysis ratio from 48.85% to about 10%. The protective effects of MOLP digest and LH on oxidatively damaged erythrocytes were comparable to that of GSH, indicating that MOLP could be used as an antioxidative ingredient in functional food.
MDA, an endogenous genotoxic product formed from free radical-induced lipid peroxidation, is regarded as an important marker of oxidative stress in vivo . The treatment of AAPH significantly caused the formation of MDA in erythrocytes (Fig. 2b) . MOLP digest, LH, LK, LP and GSH significantly inhibited the formation of MDA in dose-dependent manners. The pretreatment of AAPH-damaged erythrocytes with MOLP digest, LH and GSH at 50 mg/mL significantly decreased the MDA equivalent level from 5.71 to 2.47 equiv nmol/mgHb. These results suggested that MOLP digest and LH were effective intracellular antioxidants to protect the erythrocytes from oxidative damage in terms of inhibition of MDA formation.
Conclusions
The adsorption behaviours, kinetics and thermodynamics for static adsorption of MOL peptides on SP-207 were studied for the first time. MOLP obtained by enzymatic hydrolysis and ethanol precipitation and then purified by SP-207 column chromatography possessed high contents of antioxidant and hydrophobic amino acids and strong radical scavenging Different letters denote significant differences (P < 0.05) between values in the same row.
activity. The in vitro gastrointestinal digest of MOLP exhibited strong protective effect on oxidatively damaged erythrocytes, indicating that MOLP could be used as an antioxidative ingredient in functional food. The effect of MOLP on oxidative stress in mice and underlying mechanism will be conducted to verify its health-promoting effect. # indicates a significant difference from negative control (P < 0.05).
